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ABSTRACT 
Soft robots composed of elastic materials can exhibit 

nonlinear behaviors, such as variable stiffness and adaptable 
deformation, that are favorable to cooperation with humans. 
These characteristics enable soft robots to be used in multiple 
applications, ranging from minimally invasive surgery and 
search and rescue in emergency or hazardous environments to 
marine or space exploration and assistive devices for people 
with musculoskeletal disorders. Although soft actuators 
composed of smart materials have been proposed as a control 
strategy for soft robots, most studies have focused on traditional 
actuators using hydraulic or pneumatic pressure. Over the years, 
these have made a lot of progress, but they have not been able to 
overcome the limitations of the complex configuration of the 
system and the expansion of the cross-section of the actuator 
when contracted. This paper merges the actuator design 
methodology for smart materials with the mechanical analysis of 
auxetic structures to present an electrically driven soft actuator 
architecture that achieves reliable actuation displacements. This 
novel soft actuator, constructed with contractile SMA springs 
and flexible auxetic metamaterials (FAM), has a spontaneous 
recovery of the shape after a contraction, a negative Poisson's 
ratio, and over 90% of consistency with the performance 
predictions at the design stage. Our research presents a 
methodology for the design of a new electrically driven soft 
actuator, describes the manufacture of SMA springs and FAM, 
and concludes with the validation of the design by experimental 
analysis using the 2D planar soft actuator prototype. Finally, our 
study revealed that the application of the extraordinary 
characteristics of smart materials and structures together into a 
single architecture can be a strategy to overcome the limitations 
of existing soft actuator studies. 
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1. INTRODUCTION 
Conventional robots developed for industrial applications 

are generally made of hard, rigid materials and show predictable 
linear motion. These robots can perform precise and rapid 
repetitive tasks that are difficult to implement by humans. 
However, due to the physical limitations of traditional robots [1], 
such as limited mobility and lack of adaptability restricting their 
ability to navigate complex environments or perform intricate 
tasks, many challenges in various industries remain difficult to 
solve and require a new robot paradigm.  

Flexible materials and bioinspired design have enabled 
structurally reconfigurable soft robots characterized by adaptive, 
flexible interaction with unpredictable surroundings [2]. Unlike 
traditional rigid metal-based robot systems with multiple joints, 
soft robots designed with elastic materials can be simpler and 
cheaper to manufacture and exhibit nonlinear behavior favorable 
to cooperation with humans [3]. Soft robots have great potential 
for applications such as medical diagnostics and minimally 
invasive surgery [4], search and rescue in emergency or 
hazardous environments, marine or space exploration [5]–[11], 
and assistive devices for people with musculoskeletal disorders 
[12], [13].  

To improve the operation of soft robots, control strategies 
that use traditional actuators (pneumatic, hydraulic, and motor-
based systems) or smart material actuators (electroactive 
polymers, shape memory alloys, and polymers, and 
ferromagnetic elastomers) have been proposed and demonstrated 
[14], [15]. Despite the rapid increase in soft robot-related 
publications over the last decade, most research has focused on 
pneumatic or hydraulic actuation approaches. 

Soft actuators or artificial muscles that rely on hydraulic or 
pneumatic systems are usually composed of a deformable 
chamber [16]. The global deformation of the actuator is induced 
by the change in volume or pressure of the inner chamber by the 
external input. Using the force applied to both ends of the 
actuator is the primary operating principle of most soft actuators. 
This bladder-based approach inevitably widens the cross-section 
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of the actuator while it deforms [17]. This characteristic is found 
in most studies of soft robots or grippers that mimic human 
hands.  

This research presents a new structural approach that 
combines smart materials and auxetic structures to create soft 
actuator systems with novel kinematic performance. By merging 
the actuator design methodology for smart materials with the 
mechanical analysis of auxetic structures, we present an 
electrically driven soft actuator architecture that achieves 
reliable actuation displacements. In addition, we present a brief 
background on the behavior of shape memory alloy actuators and 
auxetic structures, followed by design criteria for soft actuators 
to lay the foundation for the new soft actuator systems. This 
study analyzes the thermo-mechanical behavior of SMA springs, 
defines the re-entrant auxetic unit cell, mechanically analyzes the 
flexible auxetic metamaterials (FAM), determines the geometry 
of SMA springs and FAM, and designs and manufactures a full-
actuator. A final proof of concept prototype was validated by 
comparing the performance evaluation results according to 
electrical input control with the performance prediction results 
obtained in the design stage. This research revealed that the 
application of the extraordinary characteristics of smart materials 
and structures together into a single architecture can be a strategy 
to overcome the limitations of existing soft actuator studies. 
 
 
2. MATERIALS AND STRUCTURES 

It is necessary to develop soft actuators with reliable 
performance and easy and precise control for soft robotic 
functions such as nonlinear motion, variable stiffness, and 
adaptable contact. Toward this, we created a new actuator 
architecture with shape memory alloys (SMA) springs and 
flexible auxetic metamaterials (FAM). This section will describe 
the fundamental characteristics of the shape memory effect and 
auxetic structures, as well as the geometries, materials, and 
detailed manufacturing processes of SMA springs and FAM. 

 
 

2.1 Shape Memory Alloys (SMA) 
The mechanical (shape memory effect, superelasticity, and 

high damping capacity) and chemical (biocompatibility and 
corrosion resistance) properties of SMA have attracted 
considerable interest from researchers [18]. These multiple 
characteristics make them useful in various applications, 
including aerospace, medical devices, and robotics [19]. We 
apply the shape memory effect to develop a soft actuator that 
operates only with electrical input [20], [21]. In this section, the 
basic knowledge required to understand the characteristics of 
SMA springs and the detailed manufacturing process of SMA 
springs will be described. 
 

2.1.1 Shape Memory Effect  
In contrast to the stereotype of material properties, elasticity 

can be observed not only in rubber-like polymers but also in 
metals. Whether a metal will exhibit elastic behavior in response 
to an external force can be predicted based on the yield strength 

of the material. However, since metals have a very small elastic 
strain range, spontaneous restoration to their original shape is 
impossible when large deformation occurs. Because of this 
common limitation of metals, SMAs that have the ability to 
return to a pre-defined shape or configuration after deformation 
is unique. This fascinating phenomenon, known as the shape 
memory effect (SME), has led to the development of many 
innovative technologies and opened up new avenues for 
scientific research [22]. It arises due to a reversible solid-state 
transformation between the austenite and martensite phases, 
which is a rearrangement of the crystalline structure of the 
constituent materials. Figure 1 explains SME by showing how 
an SMA spring is deformed by a load and restored to its initial 
shape by subsequent heating and unloading and the crystalline 
structure of the SMA material corresponding to each case. 
 

 
 

 

 
In SMA, the high-temperature phase is called austenite, 

while the low-temperature phase is called martensite. The 
austenite is the original crystal structure of the SMA, and it is 
characterized by a high degree of symmetry and a more uniform 
crystal structure than the martensite. There are two types of 
martensite: twinned martensite and detwinned martensite. 
Twinned martensite is characterized by the presence of twins, 
which are regions of the crystal lattice that are mirror images of 
each other. The twin structure results in a lower strain energy, 

Figure 1: Shape memory effect. (a-d) Schematic diagrams 
representing the process in which an SMA spring is deformed by a load 
and restored to its initial shape by subsequent heating and unloading, 
and (e-h) the crystalline structure of the SMA material corresponding to 
each case. An initially (e) twinned martensite is deformed at a 
temperature lower than the austenite start temperature, making it (f) 
detwinned martensite. This leads to a change in macroscopic shape of 
SMA spring from (a) to (b). By heating above the austenite finish 
temperature, SMA spring’s crystalline structure which was detwinned 
martensite turns into the (g) mixture of detwinned martensite and 
austenite. SMA spring recovers some deformation by heating, but 
remain deformed because there is still a load. When the load is removed 
from the SMA spring, it becomes (h) complete austenite and restores (d) 
its initial shape. Then, when the SMA spring is cooled below the 
austenite start temperature, its crystalline structure becomes twinned 
martensite again. 
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allowing the twinned martensite phase to be easily deformed 
[23]. When the SMA is deformed by the application of external 
stress, it undergoes a process known as reorientation, in which 
the martensite crystals begin to change orientation and align 
themselves in a more uniform manner. During this reorientation 
process, the twin boundaries in the martensite crystals become 
unstable and begin to break apart, resulting in the formation of 
more uniform detwinned martensite crystals. When the SMA is 
heated back above its transformation temperature, the crystals 
revert to their original austenite form. The temperature at which 
this transformation occurs depends on the specific alloy 
composition [24]. Once the SMA has transformed back into the 
austenitic phase, it can be deformed and then returned to its 
original shape, memorized in the material by the shape-setting 
process. This transformation is accompanied by a significant 
increase in the material's mechanical properties, such as stiffness 
and strength [19]. And this makes SMA useful in various 
applications, including actuators, biomedical implants, and 
compression garments for astronauts [25]–[29]. 

 
2.1.2 SMA Springs Fundamentals 
A spring is a mechanical component that stores and releases 

energy through deformation. The geometry and composition of 
a spring play a critical role in determining its performance 
characteristics. The geometry of a spring is defined by its shape, 
size, and configuration. The composition of a spring refers to the 
materials used to manufacture it. The appropriate choice of 
geometry and material is critical to ensure that a spring performs 
its intended function effectively and efficiently. 

The spring constant of a helical spring depends on its wire 
diameter and the mean diameter of a spring. Increasing the wire 
diameter or reducing the mean diameter will increase the spring 
constant. And in general, the spring constant determines its 
stiffness. The same trend is also seen in the SMA springs. In the 
case of the SMA spring composed of actuator wire, the larger the 
spring constant, the greater the contractile force for the same 
strain. Therefore, changing the geometry of an SMA spring can 
have a significant effect on its spring constant and its 
performance characteristics. This is important when designing 
an SMA spring for soft actuator applications, as the spring 
constant needs to be carefully selected to ensure that it performs 
as intended. 

The SMA springs designed for the research all had the same 
inner diameter of 0.1835 inches. In addition, the distances 
between adjacent wires on the coil structure were all set to zero 
to maximize the contractile force of the SMA springs. Therefore 
the final spring pitch would be identical to the diameter of the 
SMA wire. As a result, the calculated spring constants for SMA 
springs manufactured from actuator wires having a wire 
diameter of 0.020 inches, 0.015 inches, and 0.012 inches are 
10.175, 13.233, and 16.292, respectively (see Figure 2). 
 

2.1.3 Manufacture of SMA Springs 
The shape shape-setting process is a crucial step in the 

manufacture of SMA springs, where the alloy is programmed to 
remember a specific shape, is a crucial step in manufacturing  

 

 
 
 
SMA springs. The procedures required for this process are as 
follows: 1) The SMA is mechanically deformed into the desired 
shape at room temperature while being held in a fixture. This was 
done by wrapping the SMA wire onto the connecting rod. 2) The 
deformed SMA is heated to a temperature above its 
transformation temperature, also known as the austenite finish 
temperature. This step was done in a furnace at 500℃. 3) The 
SMA is held at the elevated temperature for a period of time to 
allow it to transform into the austenite phase and relieve any 
internal stresses that may have been introduced during the pre-
deformation step. Considering the composition and thickness of 
the SMA wire, the SMA wound on the fixture was heated for 5 
minutes. 4) The SMA is then cooled down to room temperature 
while maintaining the desired shape. This step was done by 
putting the SMA in the water and to quenching it. 5) Finally, the 
fixture is removed, and the SMA will remember this shape and 
have a helical spring structure. 

Figure 3a shows the SMA wire wrapped onto a stainless 
steel connecting rod with an outer diameter of 0.1835 inches. 
Nickel-titanium actuator wires (Flexinol®, Dynalloy, Inc.) with a 
rated austenite finish temperature (𝐴𝐴𝑓𝑓,𝑟𝑟  = 90℃) were utilized 
to manufacture SMA springs responsible for actuation in the soft 
actuator. The coupling nuts, connecting rod, and serrated flange 
locknuts used for this process can be seen in Figure 3b-d. They 
all have a 10-32 thread. Given the temperature of 500℃ where 
the shape-setting process occurs, and the chemical stability 
required for the fixture, all parts made of 18-8 stainless steel were 
selected for use. Regardless of the thickness of the SMA wire, 
the same parts constituting the fixture were used. As a result, the 
SMA springs have the same inner diameter as shown in the 
schematic diagram in Figure 2. 

After the shape-setting process, the color of the SMA wire 
that makes up the SMA springs changes from dark gray to glossy 
blue because of oxidation. When the SMA wire onto the fixture 
is heated to a high temperature, the surface of the material reacts 
with the oxygen in the air inside the furnace, forming a thin layer 

Figure 2: Geometry of SMA springs. Schematic diagram of SMA 
springs of different geometries to be produced through the shape-setting 
process, and calculated spring constant results. 
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of oxide on the surface of the material. This oxide layer changes 
the color of the material, making it more bluish than the original 
material. While it alters the appearance of the material, it does 
not affect the thermo-mechanical properties of SMA springs. 

 

 

 
 
 
2.2 Flexible Auxetic Metamaterials (FAM) 

Auxetic structures or materials have a negative Poisson's 
ratio, meaning they expand in all directions when stretched 
rather than contracting like most materials [30]. Most auxetic 
structures have a void inside their geometry and are made of rigid 
materials. As a result, their manufacturing process is complex, 
which has made them of limited application in engineering. 
However, the advent of additive manufacturing technologies 
such as 3D printing has made manufacturing auxetics with 
different materials easier. And this has allowed auxetics to be 
used in many fields. In this section, we will briefly introduce the 
characteristics of auxetics, followed by a detailed description of 
the design and manufacturing process of the flexible auxetic 
metamaterials (FAM) that will serve as a bias spring in soft 
actuator architectures. 
 

2.2.1 Types of Auxetic Structures 
When a material is compressed in a particular direction, it is 

common for them to expand perpendicular to the applied stress. 
The property that characterizes the behavior of the material is 
Poisson's ratio. Most substances have a positive Poisson's ratio 
between 0.3 (glass) and 0.5 (rubber). 

Auxetics are materials or structures that exhibit the unique 
property of negative Poisson's ratio, which means they contract 
in all directions when compressed instead of expanding in the 
transverse direction as in most materials (see Figure 4). The 
negative Poisson's ratio results in interesting mechanical 
properties such as vibration damping, energy absorption, 
enhancement of shear modulus, fracture toughness, and 
indentation resistance [31]–[33]. 

Despite the tremendous potential of these mechanical 
properties in many engineering fields, most auxetics are 

challenging to manufacture due to their complex geometries. 
Nevertheless, various auxetic materials and structures have been 
studied and reported. Initially, most studies were conducted on 
polymer foam structures, rotating squares, cubic metals, or 
cellular solids with a negative Poisson's ratio [34]–[36]. And 
recently, several other geometries have been studied, including 
re-entrant honeycomb, chiral, rotating polygonal, perforated, and 
folded geometries [37]–[41].  

 

 
 
 
2.2.2 Unit Cell Definition of FAM 
The flexible auxetic metamaterial (FAM) that constitute the 

soft actuator can be formed by repeatedly arranging the re-
entrant unit cell in a two-dimensional plane. The mechanical 
properties of the FAM can be adjusted through the changes in the 
geometry of the unit cell. This makes it possible to customize the 
performance of the FAM so that it is suitable for a particular 
application. 

Re-entrant honeycomb geometry is a cellular structure 
consisting of hexagonal cells with an inner void connected to the 
adjacent cells by a smaller neck. When compressed, the 
honeycomb structure collapses in a specific sequence, causing 
the walls to buckle and the voids to contract, resulting in a 
negative Poisson's ratio. 

The geometry and dimensions of the re-entrant unit cell used 
to design the FAM are illustrated in Figure 5. Four variables can 
determine this. The wall thickness (𝑻𝑻𝒘𝒘) of the re-entrant unit cell 
drawn in thin lines was set to 0.7 mm. This value was chosen to 
take into account the flexibility of the hinges as well as the 
overall structure. Horizontal wall length (𝑳𝑳𝒉𝒉), which determines 
the overall size of the unit cell, was set to 10 mm. The internal 
angle (𝜽𝜽) of the unit cell with the inward-point protrusions was 
set to 60°. And inclined wall length (𝑳𝑳𝒊𝒊) was set to 5 mm, an 
appropriate value for two adjacent hinges not to meet each other. 
As a result, the distance between the hinges at the center line 
allows the FAM made of this unit cell to have a negative 
Poisson's ratio. 
 

2.2.3 Materials and Manufacture of FAM 
The Fused Deposition Modeling (FDM) type 3D printer 

used in the manufacture of FAM has many advantages such as 
cost-effectiveness, the versatility of various material selections 
including PLA, ABS, and more, and easy-to-use. 

Figure 3: Preparation of the shape-setting process of SMA 
springs. (a) SMA wire firmly fixed in spring form on stainless steel 
parts, (b-d) Details of parts used as a fixture for shape-setting process. 

Figure 4: Behavior of auxetics. The dotted line represents the initial 
state of an arbitrary object. The schematic diagram on the left shows the 
state when the object is compressed by an external force, and the right 
side shows the state when it is stretched. As these two cases, when an 
arbitrary object has a negative Poisson's ratio, it can be referred to an 
auxetic structure or material. 
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To print the FAM, a flexible 3D printer filament from 
NinjaTek (shore hardness of 85A) was used (see Figure 6a). It is 
made of Thermoplastic polyurethane (TPU) that does not wear 
or crack even after repeated elongation up to 660%. Figure 6b 
shows that a tabletop 3D printer (Lulzbot TAZ 6) utilizes this 
filament to print a FAM. A G-code that contains the instructions 
for the 3D printer to create each layer was prepared using the 
slicing software Cura-Lulzbot 3.6.25. The unit cell geometry 
(Figure 5) was printed to a depth of 10 mm. 

 

 

 
 
 
3. SOFT ACTUATOR DESIGN 
In the overall design and manufacturing process, soft actuators 
with flexible bodies differ from traditional actuators used in 
general machines or robots. In this section, the design criteria of 
the soft actuators, the proposed actuator architecture, and the 
experimental characterization results of the SMA springs and 
FAM will be described in detail.  
 
 
3.1 Design Criteria of Soft Actuators 

Soft actuators are useful for a variety of applications, 
including soft robotics, wearable devices, and biomedical 

devices. A good soft actuator has several characteristics that 
make it effective for its intended use [42]. In particular, it should 
be able to generate the required motion or force reliably while 
being flexible, durable, and scalable.  

Soft actuators should be deformed easily without breaking 
or losing their ability to produce motion or force. This allows 
them to conform to different shapes and generate large 
displacements. In addition, they should be efficient in converting 
input energy into output force or motion. This means that they 
should be designed to minimize energy losses and maximize 
their ability to do work or make the desired motion. And they 
should be sufficiently durable to withstand repeated use without 
losing their original performance features. Lastly, they should be 
scalable, which means that they can be manufactured in different 
sizes and shapes to suit a variety of applications. 

Design criteria for good soft actuators include: actuation 
mechanism, performance characteristics, material selection, 
geometry, manufacturing process, and environmental factors. It 
should be optimized to achieve the desired functionality in soft 
actuators. Soft actuators can be actuated by a variety of 
mechanisms. And the actuation mechanism should be selected 
based on the requirements of the application, such as 
displacement, output force, speed, or energy efficiency. The 
design should consider the required performance characteristics 
of the soft actuator. And these characteristics should be 
optimized to meet the specific requirements of the application. 
Soft actuators generally consist of parts made of flexible or 
deformable materials, such as elastomers, hydrogels, and shape 
memory polymers. And they often include components made of 
relatively stiff materials in their architecture. Therefore careful 
material selection should be made based on the actuation 
mechanism and required physical properties of the actuator. The 
geometry of the soft actuators plays a critical role in their 
performance. The design should consider factors such as shape, 
size, thickness, and the number of SMA required to achieve the 
desired motion or force. The manufacturing process of soft 
actuators should be scalable and repeatable. And the 
manufactured actuators should produce consistent and reliable 
performance. Lastly, appropriate materials and design should be 
selected to ensure the actuator can operate reliably in the 
intended environment. These considerations are all reflected in 
the soft actuator design that operates with a novel actuation 
mechanism proposed in this paper. 
 
 
3.2 Soft Actuators Architecture 

Systematically predicting the operational scenarios of the 
designed actuator is of great help in minimizing potential trial 
and error in subsequent processes. In this section, we propose an 
architecture of a soft actuator that works with a single input, and 
describe its operating principle. Based on an understanding of 
the physical characteristics and design constraints of the major 
primary two components of the soft actuator, the design strategy 
of the peripheral parts required to combine them into an 
integrated system will be outlined. 

 

Figure 5: Geometry of re-entrant unit cell. The unit cell is 
determined by a total of four variables: Horizontal wall length (𝑳𝑳𝒉𝒉), 
Inclined wall length (𝑳𝑳𝒊𝒊), Wall thickness (𝑻𝑻𝒘𝒘), and Angle (𝜽𝜽). At the 
center line of the unit cell, there are two adjacent hinges, which are 
indicated by gray dotted lines. 

Figure 6: Materials and manufacture of FAM. (a) 3D printer 
filament made of Thermoplastic polyurethane (TPU), (b) Tabletop 3D 
printer printing a FAM. 
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3.2.1 Combination of SMA Springs and FAM 
A simple soft actuator design was suggested to build a soft 

actuator that is not dependent on pneumatic or hydraulic pressure 
systems. The composition and operating principle of the soft 
actuator and its shape before and after actuation are shown in 
Figure 7. SMA springs and FAM play the roles of contraction 
and biasing spring, respectively, which enables the soft actuator 
to produce repetitive actuation displacements. To obtain the 
large stroke length in the actuator, SMA was used in the form of 
a helical spring. And the flexibility and elasticity were achieved 
by incorporating the FAM made of flexible 3D printer filament 
into the soft actuator design. 

Figure 7a shows the shape of the actuator when the SMA 
springs are heated and contracted. Here, it is assumed that the 
SMA springs are heated to a temperature higher than the 
austenite finish temperature of SMA. The deformation of the 
actuator to Figure 7b occurs when the SMA springs are cooled 
to room temperature. As a result, the actuator can restore its 
initial shape as shown in Figure 7b. No energy other than 
electrical input to create joule heating would be needed to create 
this reversible deformation in a soft actuator. 

 

 
 

 
 

 
3.2.2 Consideration in the Design of Components 

Required to Assemble 
Combining SMA springs, whose properties change rapidly 

with temperature change, and FAM with variable structural 

stiffness into an integrated system is as difficult as understanding 
the complex behavior of each. The scalability and energy 
efficiency of the soft actuator is greatly influenced by the 
connection parts of the two elements. Therefore, it is critical to 
understand the conditions required for 3D-printed parts and slip-
free attachments for the SMA spring to be used in the actuator 
assembly process [43], and to design appropriate components 
that satisfy all of them. 

3D printed parts manufactured using PLA were designed 
with the purpose of holding FAM and attachments for SMA 
spring firmly. 3D printed parts should have a small hole or gap 
where the wire connecting the attachments for SMA spring and 
the external power source can pass. And they should be designed 
in a form that minimizes the possibility of shape distortion due 
to a direct contact with the heated SMA. These considerations 
were applied to the design and fabrication process of the soft 
actuator prototype. 

If the SMA spring slips even slightly during the actuation, it 
can cause significant errors in the soft actuator performance. The 
attachments that can firmly fix the SMA spring without slipping 
are designed as shown in Figure 8a. They will work by being 
located in pairs above and below the central SMA spring. The 
material constituting the attachments must be sufficiently thick 
and hard so that it does not tear or deform under the repeated 
actuation of the SMA spring. In addition, it is significant to 
properly design the cross-sectional shape of the attachments. 
They must include six or more small holes positioned 
symmetrically at a distance equal to the spring diameter of the 
SMA spring in the center of the structure. This can be seen in 
Figure 8b. These features of the attachments minimize the shape 
distortion of the connected SMA spring and enable the 
immediate transmission of the contractile force of the SMA 
spring to the FAM.  

 

 
 

 
 

Figure 7: Schematic diagram of the soft actuator design with 
configuration and operating principle. SMA springs and FAM are 
combined to create the soft actuator. (a) SMA springs are contracted at 
the temperature above the austenite finish temperature (𝑻𝑻 > 𝑨𝑨𝑭𝑭) and  
(b) elongated at room temperature (𝑻𝑻 = 𝟐𝟐𝟐𝟐℃) to produce an actuation 
displacement of the soft actuator. 

 

Figure 8: Schematic diagram of the slip-free attachments for SMA 
spring. (a) Arbitrary SMA spring fixed between two attachments, (b) 
An enlarged image of the location where the attachments and SMA 
spring are connected. The SMA wire passes along the small holes 
located in the attachments. The distance between two columns with 
holes is identical to the spring diameter of the SMA spring to minimize 
distortion in the shape of the SMA spring.  
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3.3 Thermo-mechanical Test of SMA Springs 
In order to observe the contractile force and the change in 

stiffness while stretching the SMA spring, a solid coupling 
between the tensile test machine and the SMA spring must be 
guaranteed. In particular, since the characterization process of 
SMA spring is performed inside an environmental chamber with 
a temperature control function, this must be considered in the 
preparation of the experimental setup. This section will describe 
the details of the experimental setup and the results of the 
thermo-mechanical test of SMA springs. 

 
3.3.1 Experimental setup for SMA Springs 

Characterization  
The manufactured SMA springs were thermo-mechanically 

characterized by a uniaxial tensile test in a mechanical test 
machine with an environmental chamber attached. Slip-free 
attachments firmly holding the SMA spring and custom couples 
for the connection between the attachments and the pneumatic 
side-action grips were prepared for the characterization process. 

In order to manufacture slip-free attachments, the water jet 
cutting was carried out using a 1mm thick aluminum metal plate. 
And then, eight holes were generated using a hand milling 
machine. Two custom couples for the connection between the 
slip-free attachments and the pneumatic side-action grips were 
manufactured using an aluminum block (see Figure 9a). The 
schematic on the left of Figure 9b shows how custom couples 
and slip-free attachments connect. Insulated high-temperature 
rubber tubing was placed at the location where the custom 
couples and the slip-free attachments meet to minimize the error 
caused by the shaking that may occur during the test. This is 
shown inside the ellipse drawn by the yellow dashed line on the 
right image of Figure 9b. The overall appearance of the 
experimental setup, in which the mechanical properties of the 
SMA spring are measured using the prepared parts, are shown in 
Figure 9c. And in this picture, an almost fully stretched SMA 
spring can be seen in the white dashed box. Figure 9d shows the 
initial state of the SMA spring. And the uniform deformation of 
the SMA spring and the firm fixation between the slip-free 
attachments and the SMA spring are shown in Figure 9e. 
 

3.3.2 Characterization Analysis of SMA Springs 
All displacement-control test was performed using a standard 
universal test machine of Instron (model #3365). The machine is 
equipped with a temperature-controlled environment chamber 
and pneumatic side-action grips (model #2732-009) capable of 
applying 60-70 psi pressure. Experiments were performed after 
immobilization of the sample in pneumatic side-action grips 
using custom couples and slip-free attachments. In order to 
characterize the SMA springs in the austenite and martensite 
phases, the tensile test was carried out in the environmental 
chamber temperature at 110°C and 25°C, respectively. During 
the test, the SMA springs were extended at a speed of 0.2 mm/s, 
and the resulting force was output in Newtons (N). Tensile 
deformation was applied to the SMA springs up to the limit of 
the point at which the relationship between applied force and 
structural strain maintained a linear relationship. The relationship 

 
 

 
 
 
between the applied force and the resulting strain of the material 
is typically described by Hooke's law, which states that the strain 
of an elastic material is directly proportional to the applied load. 
The proportional constant between the force and strain is a 
measure of the stiffness of the SMA spring. 
The mechanical test results for three different SMA springs are 
shown in Figure 10. The color of the lines indicates the 
temperature condition above the austenite finish temperature 
(red) and at room temperature (blue). The structural strain of the 

Figure 9: Experimental setup for SMA springs characterization. 
(a) Two custom couples (i, ii) made up of aluminum block for the 
connection between the slip-free attachments for SMA springs and the 
pneumatic side-action grips, (b) Schematic diagram and details of 
custom couple with insulated high-temperature rubber tubing, (c) Photo 
of SMA spring undergoing tensile test, Images of SMA spring in its (d) 
initial state and (e) being stretched. 
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SMA spring is calculated based on the initial length of the SMA 
spring which was obtained by measuring the axial length of the 
spring structure when no load was applied to it. Although nearly 
similar displacements were applied in each experiment, each 
SMA spring had different maximum structural strain and 
stiffness. This is due to the difference in the thickness of the 
SMA wires used to manufacture the SMA springs, and the 
difference in the spring constant between each SMA spring. 
SMA springs with wire diameters of 0.015 inches and 0.020 
inches exhibited stiffness values of approximately 4 and 10 times 
higher, respectively, compared to those with wire diameters of 
0.012 inches. The mechanical properties of the SMA springs 
confirmed by this section are used as fundamental information 
to determine the geometry of the SMA springs and FAM 
constituting the soft actuator. 
 

 

 
 
 
3.4 Mechanical Test of FAMs 

The flexibility of FAM makes it difficult to predict how it 
deforms compared to general auxetic structures made of rigid 
materials. In addition, in order to confirm the characteristics of 
FAM having a two-dimensional planar shape, it is necessary to 
apply a load in the vertical direction as uniformly as possible. In 
this section, we will describe the details of the experimental set-
up to minimize the instability caused by the FAM specimen 
bulged out to one side due to compression, the changes in the 
morphology and mechanical characterization results of FAM. 
 

3.4.1 Experimental Setup for FAM 
Characterization  

To facilitate accurate mechanical test of the FAM, sample 
holders to be coupled to the pneumatic side-action grip of the test 
machine were prepared. 3D-printed sample holders in black and 
purple can be seen in Figure 11a and Figure 11b. They were used 
to limit non-vertical movements, such as tilting or shifting to the 

left or the right in the FAM during the experiment. Consequently, 
the applied load only produces vertical displacement and motion 
in the FAM.  

All experiments were performed at room temperature. The 
moving speed of the test machine jig was set to maintain a speed 
of 0.2 mm/s vertically downward direction. In addition, 
considering the measurement limit of the load cell used in the 
test, the experiment was set to terminate automatically at 50N. 

 

 

 
 
 

3.4.2 Changes in Morphology and Negative 
Poisson's Ratio  

The front view of the uncompressed FAM can be seen 
through the upper left photo, highlighted by the light blue line, 
in Figure 12a. The height of the auxetic structure portion is 
shown under each image. It was measured by excluding the 
height of the upper and lower rectangular solid parts. All the 
images were taken while compressing the FAM by 1mm in the 
vertical direction until it was completely compressed. Its initial 
height is 16 mm, and when fully compressed, it becomes 5 mm. 
Then, as soon as the strain applied to the FAM disappeared, it 
returned to its original shape. 

Unlike other auxetic structures made of rigid materials, the 
FAM shows bending not only in the hinges but also in the walls 
constituting the unit cell, mainly due to the flexibility of the 
material [44]. However, despite these differences, it does not 
affect the general trend of FAM having a negative Poisson's 
ratio. 

Based on the movement of ten dots on the unit cell, colored 
by black and purple, the deformation of the unit cell was traced. 
In order to facilitate the comparison between each moment, the 
shapes of the unit cell were modelled. They were placed on the 
right side of Figure 12b-d. The Poisson's ratio of FAM can be 
calculated using the following equation,  

 

𝑣𝑣 = −  ∆𝐻𝐻 𝐻𝐻⁄
∆𝑊𝑊 𝑊𝑊⁄

              (1) 

Figure 10: Uniaxial tensile test results for SMA springs with three 
different wire diameters. Red and blue color of the results indicate the 
temperature above the austenite finish temperature (𝑻𝑻 > 𝑨𝑨𝑭𝑭)  and at 
room temperature (𝑻𝑻 = 𝟐𝟐𝟐𝟐℃), respectively. Each results can be paired 
by the line thickness.  

Figure 11: Experimental setup for FAM characterization. A photo 
of (a) the initial state of FAM located in the test machine and a photo 
(b) when it is fully compressed. 
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𝐻𝐻  and 𝑊𝑊  refer to the height and width of the unit cell, 
respectively, and they can be seen on the right side of Figure 12b. 
When adjacent hinges at the center line of the unit cell are in 
contact and the unit cell is completely compressed, the calculated 
Poisson's ratios are -0.9354 and -1.6252, respectively (see Figure 
12c and Figure 12d). 
 

 

 
 
 

3.4.3 Characterization Analysis of FAM 
As previously confirmed in the visual observation, the initial 

height of the uncompressed FAM used for characterization was 
also 16 mm. The experiment to measure the FAM's repulsive 
force against compressive load was terminated automatically 
when the measured force reached 50 N, as defined in the 
experimental setup step. Since the height of the FAM decreased 
during the experiment, the result in Figure 13 can be read from  

the bottom right to the left. 
The result is consistent with the observation of changes in 

the morphology of FAM in Figure 12. The structural stiffness of 
the FAM increases rapidly when they are 9 mm and 5 mm in 
height. Images of the FAM corresponding to the initial state and 
the heights of 9 mm and 5 mm are shown on the respective height 
lines. The first increase occurs when the adjacent hinges at the 
center line come into contact with each other as compressive 
deformation progresses. The second increase occurs when the 
FAM is completely compressed, and finally, the inclined walls 
and the horizontal walls become almost parallel. Based on the 
results, the maximum displacement range of the FAM where it 
shows linear repulsive force was determined to be 7 mm, which 
is the displacement from the initial height of FAM to the point 
where adjacent hinges come into contact. We can conclude that 
this value depends on the geometry of the re-entrant unit cell 
constituting the FAM. 
 

 

 
 
 
3.5 Determination Process of the Geometry of SMA 

Springs and FAM 
In the process of designing a reliable soft actuator, it is 

important to determine which structures of SMA springs and 
FAM are to be used. Understanding the static equilibrium and a 
set of required performance and characteristics of the soft 
actuator leads to identifying the geometry of the main 
components that could generate the desired performance by a 
precise design process. 

Except for the moment of actuation by contraction of the 
SMA springs, the soft actuator maintains a quasi-static 
equilibrium state. It is essential to identify all the loads and forces 
that can be applied to the actuator to design a soft actuator that 
meets specific requirements. The load and normal force applied 
to the components, as well as the forces exerted by SMA springs 
and FAM are illustrated in Figure 14a. Free-body diagrams on 
the left and right show the equilibrium of forces of the 
components when in the initial state and the actuated state, 

Figure 12: Morphology observation of FAM. (a) Photos of FAM 
taken with 1mm compressive deformation, (b) Photo of initial state of 
FAM unit cell used to calculate Poisson's ratio. 𝐻𝐻 and 𝑊𝑊 refer to the 
height and width of the unit cell, respectively. Poisson's ratio calculated 
based on the movement of ten dots, colored by black and purple, on the 
unit cell (c) when adjacent hinges on the centerline are in contact and 
(d) when the unit cell is completely compressed. 

 

Figure 13: Characterization analysis of FAM. Changes in the 
repulsive force according to height and unit cell shape change due to 
compressive load in the vertical direction. 
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respectively. The load can be divided into passive load and active 
load. Each corresponds to the load due to the weight of the 
components used to assemble the soft actuator and the tractive 
force necessary for the actuator. 𝐹𝐹𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  refers to the sum of these 
two load. 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆,𝑀𝑀  and 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆,𝐴𝐴  refer to the contractile force 
exerted by the SMA spring in the martensite phase and the 
austenite phase, respectively. And 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  refers to the 
repulsive force originating from FAM against compressive 
deformation. 

Figure 14b, which can be obtained by overlapping the 
characterization results of SMA springs and FAM in one graph, 
enables the quantitative prediction of the performance of the 
designed soft actuator. In addition to the size of the active load, 
the stroke length which can be inferred from the location of the 
two intersections is also the important basis for the determination 
of the geometry of SMA springs and FAM. Based on these 
considerations, the process of designing an arbitrary soft actuator 
and evaluating its performance using a prototype will be 
described in the following chapter. 

 

 
 
 
4. SOFT ACTUATOR VALIDATION 

Soft actuator architectures that operate only with electrical 
inputs are noteworthy in that few related technologies have been 
reported. However, in order to discuss its excellence and 
development potential, design assessment with prototypes 
should be preceded. In this section, we will estimate the 
performance of a soft actuator using the characterization results 

of SMA springs and FAM and assess the soft actuator design by 
comparing the prediction with the performance observed in the 
prototype. A step-by-step assembly plan of the prototype will be 
established considering the physical characteristics of the 
components and each function. 
 
 
4.1 Behavior Prediction of Prototypes 

For the design of the soft actuator prototype, component 
geometry determination strategies described in section 3.5 were 
used. Mechanical characterization results of the SMA springs 
and FAM confirmed in Figure 10 and Figure 13, respectively, 
were used as the basis for judgement in this process. 

Among the SMA springs used in the uniaxial tensile test, the 
one made of the thickest wire exhibited the strongest force in the 
austenite phase for the same strain. With a wire diameter of 0.02 
inches, it exerted a contractive force of about 1.5 N at 1000 % 
structural strain. 

On the other hand, FAM, which applies force in the opposite 
direction to the SMA spring in soft actuator architecture, showed 
a rapid increase in force from a compressive displacement of 
about 7 mm. The force exerted by the FAM at this moment was 
about 8 N. Considering the difference in the magnitude level of 
forces originated from the SMA springs and the FAM, it was 
concluded that four SMA springs with the thickest wire diameter 
of 0.020 inches and one FAM should be used for the fabrication 
of the soft actuator prototype. 

Figure 15a was obtained by superimposing the tensile test 
results of SMA spring with wire diameters of 0.020 inches 
(Figure 10) and the test results of FAM (Figure 13) on a single 
graph. Figure 15b was extracted to observe the part in Figure 15a 
where the length of the SMA spring and the height of the FAM 
had values between 10 and 16 mm. The points where the lines 
intersect in the graph and the point corresponding to the initial 
height of the FAM are numbered from ⅰ to ⅴ. Intersections are 
the points where the length, height, and force of the SMA spring 
and FAM coincide. Based on the location of these points, it was 
predicted that the length of the SMA spring would change as 
shown in Figure 15c according to the repeated heating and 
cooling cycles. The loop consisting of a dashed line highlighted 
in orange in Figure 15b and Figure 15c refers to the repeated 
actuation cycles according to the temperature control. 𝐿𝐿𝐴𝐴𝑓𝑓  is the 
minimum length of the SMA spring at a temperature higher than 
the austenite finish temperature, and 𝐿𝐿𝑀𝑀 is the length that SMA 
springs will have when they are in the martensite phase. They are 
approximately 10.5 mm and 15.5 mm, respectively. As a result, 
the actuation stroke length of the soft actuator prototype, 
𝐿𝐿𝑀𝑀 − 𝐿𝐿𝐴𝐴𝑓𝑓 , was predicted to be about 5 mm. 
 
 
4.2 Manufacture of Prototypes 

Based on the behavior prediction, a soft actuator prototype 
consisting of four SMA springs and one FAM was designed. 
This can be seen in the schematic diagram in Figure 16a. In order 
to obtain a uniform deformation in the prototype, the SMA  

Figure 14: Determination process of the geometry of SMA springs 
and FAM. (a) Free-body diagram of the soft actuator in the initial state 
and the actuated state, (b) Performance prediction of the soft actuator 
through the comparison of characterization results of SMA springs and 
FAM. 
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springs must be located parallel to the central FAM and 
positioned symmetrically to each other. In addition to the SMA 
springs and FAM, attachments for SMA springs and 3D printed 
parts used in the assembly are also illustrated in Figure 16a. 

Figure 16b shows in detail the assembly process for the 
complete soft actuator prototype in four steps as follows: ⅰ) 
Prepare the FAM to be located in the center of the soft actuator 
prototype. For the purpose of a firm and unshakable connection 
between the FAM and the bottom 3D printed parts, the FAM is 
designed with protruding parts at the top and bottom of its 
structure. ⅱ) Fix all SMA springs between prepared attachments 
and ensure that they all have the same effective length. Each is 
then slowly deformed so that they all have a length that is the 
same height as the FAM. The effective length of the SMA 
springs after the extension is equal to 𝐿𝐿0 shown in Figure 15b. 
ⅲ) Attachments for SMA springs are fixed by 3D printed parts 
with rectangular shape protruding structures, acting as a rivet. ⅳ) 
Finally, the 3D printed parts are combined in the upper parts of 
the FAM to complete the assembly of the soft actuator prototype. 
 
 
4.3 Performance Evaluation 

The actuation of the prototype was carried out by the joule 
heating of the SMA springs using the DC power. Cooling of the 
SMA springs was achieved by simply turning off the power 
input. The prototype, which was vertically compressed by the 
contraction of SMA springs, rapidly restored its original shape. 
One actuation cycle of the prototype took about 15 seconds. 

 

 
 

 
 
 

Figure 17a shows the results obtained by taking pictures of 
the manufactured prototype before and after actuation. Both the 
top and bottom images shown in Figure 17a were taken from the 
front of the soft actuator prototype. The arrows on the image 
represent the length and height of the SMA springs and FAM, 
respectively. And the observed actuator stroke length of the 
prototype was 4.5 mm. Figure 17b was created by modifying 
Figure 15b to facilitate a comparison between the behavior 
prediction in the design stage and the performance evaluation 
results of the prototype. The behavioral estimates had errors of 
less than 10% from the observed performance of the individual 
components, demonstrating the feasibility and potential of the 
proposed soft actuator design. This error can be improved by 
perfectly matching the lengths of the four SMA springs 
constituting the soft actuator and simultaneously contracting the 
SMA springs by applying electrical inputs in parallel. In 
addition, we observed 20 repetitive actuation cycles using the 
prototype and did not observe any performance degradation. 
Since the TPU constituting the FAM has excellent elastic 
properties, the performance of the soft actuator that generates 
fully reversible linear motion is expected to remain unchanged 
unless degradation occurs in the SMA springs. 

Figure 15: Behavior prediction of the soft actuator prototype. (a) 
Superimpose of the mechanical characterization results of the SMA 
spring and FAM and (b) its enlarged view, (c) A model that visualizes 
the length of the SMA spring at each point shown in (b). Actuation 
stroke length of the prototype was predicted to be about 5 mm. 

 

Figure 16: Fabrication process of the soft actuator prototype. (a) 
Schematic diagram of the soft actuator prototype and its composition, 
(b) Step-by-step assembly process of soft actuator prototype. 
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5. CONCLUSION 

This paper presents a methodology for the design of a new 
electrically driven soft actuator, constructed with contractile 
SMA springs and FAM, has a spontaneous recovery of the shape 
after a contraction, a negative Poisson's ratio, and over 90% of 
consistency with the performance predictions at the design stage. 
In addition, this paper describes the manufacture of SMA springs 
and FAM, followed by the experimental validation of the design 
using a 2D planar soft actuator prototype. The SMA, which is 
responsible for the actuation of the soft actuator, was shape-set 
in the form of a spring for a large stroke length, and the FAM, 
which plays the role of an elastic bias spring in the actuator 
architecture, was produced by 3D printing using flexible TPU. 
Six criteria to be considered in designing a soft actuator 
operating with the proposed actuation mechanism were 
established based on the conditions required for a good actuator. 
A strategy to determine the geometry of the elements 
constituting a soft actuator that satisfies arbitrary requirements 
was suggested using the mechanical characterization results of 
SMA springs and FAM. The presented results validate the 
proposed design of a novel soft actuator using 2D planar soft 
actuator prototype fabricated as a proof of concept. The observed 
performance of the prototype showed a high agreement rate of 
over 90% compared to the prediction made at the design stage. 

A soft actuator, composed of shape memory alloys and 
flexible auxetic structures, and does not depend on pneumatic or 
hydraulic systems, was designed, manufactured, and 
experimentally validated. The predictable and reliable 
performance of the prototype produced as a proof of concept 
suggests that the proposed actuation mechanism will be applied 
to the design of soft robot applications. The established design 
process can be implanted with other actuators, including SMA 
helical and overt-twisted coiled yarns. Future implementations 
of this actuation mechanism which can achieve the desired 
operation with only electrical energy, will dramatically simplify 
the overall design and manufacture of soft robot systems. In 
addition, the proposed actuation mechanism will be applied in 

the design of a system requiring a wireless control function. 
Through the design of an electrically driven soft actuator, this 
research addresses the challenges of achieving a reliable soft 
actuator design that does not depend on pneumatic or hydraulic 
pressure by establishing new actuation mechanisms with smart 
materials and auxetic structures. 
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